Abstract: Process industries often obtain their raw materials from mining or agricultural industries. These raw materials usually have variations in quality which often lead to variations in the recipes used for manufacturing a product. Another reason for using variable recipes is to minimize production costs by using the cheapest materials which still lead to a satisfactory quality in the product. A third reason for using variable recipes is in case that not all materials for the standard recipe are available. This last use of variable recipes can be avoided by keeping sufficient safety stock. This means that keeping safety stock can be balanced with using variable recipes. In this paper we study this issue by means of a small scale model of the situation. We construct a simple, quantitative model of the situation under investigation and for this simple situation we derive a decision procedure that balances safety stock costs and increased production costs.
Introduction
During the last decade, various articles have been published on production control in process industries. Most of these articles focus on the typical characteristics of process industry as compared to the discrete manufacturing situations. In this body of literature two extreme types of process industry can be distinguished; the process/ flow industry and the batch/mix industry (Fransoo and Rutten 1993) . Process/flow is defined as: a manufacturer who produces with minimal interruptions in anyone production run or between production runs of products which exhibit process characteristics such as liquids, fibres, powders, gases etc. Batch/mix is defined as a process business which primarily schedules short production runs of products (Connor 1986) . In this paper we concentrate on the batch/mix process industry.
Process industries often obtain their raw materials from mining or agricultural industries. These raw materials have natural variations in quality. For example, crude oils from different oil fields have different sulphur contents and different proportions of naphta, destillates and fuel oils. Oil refinery designs, production plans and operating schedules must account for this variability in crude oil qualities (Taylor et al 1981) . May (1984) mentioned that material variability implies that the real characteristics of the material are usually not known until the production process is started. The variability in raw materials sometimes even determines which product will be produced ( Rice and Norback 1987) .
Variations in raw material quality often lead to vanatlons in bills of material (recipes l ) (May 1984 , Cokins 1988 . For example, variation in the moisture contents, acidity, viscosity or concentration of active ingredients in different raw materials may cause variations in raw material proportions required to make finished product quality specifications (Taylor et al 1981) . This variation in raw material quality is one reason for using variable recipes.
A second reason for using recipes that are dependent on the quality of available materials is to minimize the total materials costs to produce the finished product. Then for each production order the recipe is determined such that the finished product quality specification is met with a combination of available raw materials which produces least costs. For example, a pet food may have specifications for the minimum amount of protein, carbohydrates and fat per pound of pet food; however, the proportions of various materials may be varied depending on their current price, quality and availability. In this way recipe variability is used to minimize product costs.
A third reason for varying the recipe of a product is that not all the materials which are required for the standard recipe are available at the time of production. This option is available if the finished product can be made with different recipes, whereby a specific cost is associated with each recipe. Of course, the recipe with the minimum costs is the standard recipe, but this standard recipe can only be applied if all raw materials required are available. If not all required raw materials are at hand, an alternative recipe may be applied which uses available materials, but ends up with higher costs. From this it follows that in this situation the use of variable recipes should be avoided. Two ways to avoid the use of alternative, more expensive reCI pes are:
1. to postpone production of the finished product until all raw materials in the standard recipe are available, 2. to always have sufficient raw materials available to cope with the demand for raw materials which follows from the demand for finished products. The first condition can be satisfied if the market accepts variable lead times which depend on materials availability. Generally however, the finished products are commodities which are delivered to many customers and for which a short, standard leadtime must be used in the market place to maintain competitiveness. Thus postponing production often is not a realistic option. The second condition can be satisfied if either the demand for finished products can be predicted with certainty over a horizon which covers the production throughput time plus the raw materials replenishment throughput time (the stacked leadtime) or, sufficient raw materials safety stock is kept to cope with the cumulated demand uncertainty over the stacked leadtime. In a commodity market, the customers usually demand short delivery leadtimes. Therefore, unless production and replenishment lead times are very short, the only means to avoid the use of alternative recipes is to have sufficient safety stock.
An implicit assumption in the previous discussion is that all raw materials received are exactly according to their quality specification. Often however, raw materials have to be rejected or graded differently than ordered. This supply uncertainty in the replenishment orders of specific raw materials must be added to the requirements uncertainty to get the total uncertainty that the materials planner has to cope with. • the uncertainty to cope with • the costs of keeping safety stock • the increase in production costs due to the alternative recipe.
In this paper we study this issue by means of a small scale model. The purpose of our study is to construct a simple, quantitative model of the situation under investigation and to derive a decision procedure for this simple situation that balances safety stock costs and increased production costs. The remainder of this paper is as follows. First, we will consider a simple model without variation in raw materials quality and derive an equation for balancing safety stock costs and increased production costs. Next, we will extend the model to situations with variable qualities in raw materials and show that the value of the balance equation increases, which means that using variable recipes becomes more attractive. In the last section, some conclusions are given.
The simple model
We consider the situation with two finished products denoted x and y, and two raw materials, denoted a and b. Product x uses per unit demand one unit of raw material a, and product y uses per unit demand one unit of raw material b. However, product y can also be made out of raw material a (one unit per unit demand); but then the production costs increase. Raw materials are replenished using an (S -1, S) replenishment system, with for both materials a replenishment leadtime of four periods. The order-up-to level S for each material is based on the average and variance in demand for its main product. The demand process is modelled as follows: Each period for each product one order is generated with order size according to an (n, A) Erlang distribution function. Orders are processed in the same period in which they are generated; there are no capacity limitations, only materials availability limitations. We measure the a service level, which is defined as the probability of no stockout in a period. The S-level has been set such that 95% ( =a) of all orders can be produced in the ordering period, assuming use of alternative recipes. For the time being we only consider demand uncertainty and neglect supply uncertainty. If due to lack of raw materials, an order for product x cannot be completely produced, the rest of the order is backlogged and has priority in the next period when competing for materials. If due to lacking materials an order for product y cannot be completely produced, the (rest of the) order is produced out of material a. If there is not enough material a, the rest of the order for product y is also backordered. Now it will be clear that when using the alternative recipe for product y two things will happen. First, in 5% of the cases for product y an out of stock situation occurs and the alternative recipe will be tried for. This will be succesfull in at most 95% of the cases (service level of material a is 95%, we neglect the interactions). This will result in an upperbound for the service level for product y of 0.95 + 0.05 x 0.95 = 0.9975. Also this will result in an increase in the costs of product y. Suppose that producing product y out of material a costs p times the costs of producing it out of material b, denoted by Cpo Then under the conditions indicated the average costs for product y would be: 0.95 x c p +0.05 x P x c r The increase in cost per unit then is: (p-1) x 0.05 x c r Second, in approximately 5% of the cases, material a will be used for product y and this will decrease its availability for product x. This will lead to a reduction in service level for product x. The magnitude of the reduction depends on the level of safety stock.
From the reasoning above it follows that when using recipe flexibility it is impossible to control the service levels of x and y only by manipulating the S-levels of a and b. For instance, we could decrease the Sb-Ievel such that the actual service level for product y, using recipe flexibility, is equal to 95%. This however will increase the number of occasions where a will be used for y and will decrease the availability of a for product x. Thus the service level for product x will decrease. Suppose we try to compensate that by increasing the Sa-level to the extent that the service level of x is again 95%. Then the service level for y will increase also, because the probability of succes when trying the alternative recipe increases.
In short, due to the single-direction recipe flexibility, the service level of product y will always be larger than the service level of product x. This phenomenon is illustrated in Table 1 which shows the actual service levels ax and a y , the (relative) number of cases where the alternative recipe is used, #a y , the mean fraction of material a in product y, fa, and the average material stock levels Inva and Invb, as a function of the S-level for material b, for two combinations of the variation coefficients in demand for x and y. One way to tackle this control problem is to let the use of the alternative recipe depend on the cumulative measure of the service level, which is defined as the actual service level measured in the current subrun (2.000 periods). If the cumulative service is below the target (95%) then the use of the alternative recipe is allowed for the production order considered. If not, then the alternative recipe is not used, the order is backlogged to the next period. Using this decision procedure the control of the service levels improves a lot, as is shown in Table 2 . There is still interaction between the service levels of the two products, but since the service level of y is under control for each order-up-to level of Sb, the order-up-to level of Sa can be determined experimentally (for instance via simulations) such that the service level ax is equal to 95%, as is shown in Table 3 . Determine from among all combinations (S~ Sb) the combination such that ax = a y = 95% for which the following expression takes a maximum value:
where
the costs Cj consist of capital investment cost related to the product, valued at the interest rate, plus the costs of the capital invested in inventory related infrastructure (silos etc.)
If this maximum value is negative than it does not pay to use the alternative recipe. Then the increase in production costs is never offset by the decrease in inventory holding costs. However if this maximum value is positive then the use of alternative recipes can lead to a decrease in total costs, provided of course that the right combination of Sa and Sb is used. Figure 1 illustrates equation (1), using the numbers from Table 3 . As can be seen in Figure 1 , the maximum p for which it still pays to use alternative recipes under the given conditions, equals 1.0159 and therefore the maximum per unit increase in product costs ((p -1) x c p ) in case of alternative recipe use equals 1.59%. Since the profit margins are very small in the commodity market, this value is of significant importance. Factor c p equals 100 and annual demand for product y is taken 100,000 (250 xI-!) units.
Variation in raw materials quality
In many process industries, raw materials are graded at arrival. For instance in animal food industry, soya is used in which the fraction of protein is the main ingredient to classify soya. If 'soya class II' is ordered, the arriving replenishment lot can be in class I, II or III, where a higher class stands for more protein. Thus the grading process can yield a lower, but also a higher quality than ordered. We still consider the case with two products and two raw materials, which means that grading raw materials is worked out as follows: raw material a is reordered and at delivery we detect (with probability q) if the raw material indeed is raw material a, or if it can be classified as raw material b instead. The same procedure is followed for raw material b turning out to be a.
Due to this supply uncertainty, the Sa and Sb levels have to be increased, even if we do not use variable recipes. So first we have to find the inventory levels which are necessary to achieve the service level of 95% without using variable recipes (the (SIP SiJ values). Second, we will use variable recipes, and an equal procedure as shown in the previous section can be followed; we decrease the Sb-Ievel and control the service level of product y and we increase the Sa-level to achieve the situation where ux=u y =95%. In Table 4 , the results of this procedure are shown for one combination of variation coefficients in demand for x and y and for two values of the probability that the material received equals the material ordered (q). Table 4 Simulation results with grading of raw materials. We use two values for the probability that the material received equals the material ordered (q). In the situation without using variable recipes, first the results are shown if no correction on the S-Ievels is made and second the corrected situation is shown. The S-Ievels for the corrected situation are the (Sa' Sb) combination for keeping safety stock. In the situation with variable recipes, several (5' a' 5' b) combinations are given for which ax = a y = 95%. The results given are the means of 15 runs of 4,000 periods each. Finally, equation (1) can be used again to find the maximum per unit increase in production costs ((p-1) x c p ) in case of alternative recipe use, for which it still pays to use alternative recipes. Under the given conditions, the maximum equals 3.44%, as is shown in Figure 2 . For q=o.90, the maximum equals 2.73%. The factor c 1 is calculated as the capital investment cost related to the product, valued at an interest rate of 15%. Factor c p equals 100 and annual demand for product y is taken 100,000 (250 xll) units.
The analysis of the model
It will be clear that the outcome of the balancing process heavily depends on the parameters of the model used, and thus depends on the characteristics of the production process. The purpose of this paper is to determine for the simple situation considered the set of parameter values for which the use of the alternative recipe is economically justified. For that purpose we first have determined (for a range of values of combined uncertainty in demand and supply (grading of an arriving replenishment lot) in both products) the (S~ S',) values that are required to realise a service level of 95% in both products with alternative recipe use, and the (Sa' S,) values without alternative recipe use.
Next we have determined the value of the factor p for which equation (1) is equal to zero. This yields the maximum per unit increase in product costs ((p -1) x c) in case of alternative recipe use, for which it still pays to use alternative recipes. For higher per unit cost increase values, the variable recipes should never be used under the given conditions, and all uncertainty should be compensated by holding safety stock.
In conclusion, if the variability in raw materials increases (lower q), the use of variable recipes becomes more attractive. Even if there is no variability In raw materials, there still are situations in which it is favorable to use variable recipes instead of holding safety stock. We developed a decision procedure to find the balance in keeping safety stock and using variable recipes. The conclusions are of course limited to the simple model we used. Nevertheless, considering the results for this simple model, examining more complex and realistic situations can be argued.
